We introduce a holographic data storage system for intermediating between small data sets and mass holographic data recording. It employs a holographic sequentially superimposed recording technique. We discuss a time scheduling technique for making uniform reconstruction of sequentially recorded holograms and we show experimental results. We also discuss the Bragg selectivity of sequentially recorded holograms. The maximum storage density of our system is estimated to be 224kbit/mm 2 . Our system is useful as an intermediate recording system before recording mass holographic data in a larger system.
I. INTRODUCTION
Holography is very useful and interesting technology in many optical areas such as optical components [1] , display [2, 3] , microscopy [4, 5] and so on. Also, holographic storage technology is one of the most extensively studied mass storage technologies in recent years because of the extended internet usage, the development of three dimensional display systems, and therefore the great demand for mass storage systems. Holographic storage technology is the most promising candidate.
The advantage of the holographic storage technology comes from the parallel data processing and the hologram multiplexing. In this system a large quantity of data is first arranged in a two dimensional data page and then it is recorded all together during a short period of time. At the data reading process, the two dimensional data is restored instantaneously and at the same time by a single illumination by the reference beam. These make it possible for the holographic data storage systems to have a rapid data transfer rate.
However, the parallel data processing may reduce the system efficiency in some cases. For example, class grades, daily diaries, and short e-mails produce files of small size. If one tries to record these small files in a holographic data storage system that is capable of recording a large size data page all at once, the data page may not be filled with these small files and may be recorded with a lot of blank data that will result in system waste. In this case, an intermediate data storage system is needed to reduce the system waste.
In this paper, we propose an intermediate holographic data storage system in which one dimensional data is sequentially recorded and, then, the recorded data is restored simultaneously in a two dimensional data page as in the conventional holographic data storage system.
The system is based on the technique of sequentially superimposed hologram recording. This technique has been widely studied in different approaches. LaMacchia and Vincelette discussed the diffraction efficiency of the sequentially recorded hologram and that of the single hologram [6] . Carlsen showed that sequential bit recording could be used to form a page-oriented hologram memory [7] . Kostuk et. al. used a coupled wave model to analyze both simultaneously and sequentially recorded holograms [8] .
In our intermediate holographic data storage system, a one dimensional spatial light modulator is used together with the sequential holographic recording technique. First, the principle of the sequential recording technique is explained. Then, the experimental setup is explained. Also discussed in this section is the time scheduling Intermediate Holographic Data Storage System by Using … -Jong Su Yi et al. technique required for the uniform reconstruction of sequentially recorded signals. Finally, the Bragg selectivity of the sequentially recorded hologram is discussed.
II. SEQUENTIALLY SUPERIMPOSED HOLOGRAPHIC RECORDING AND
EXPERIMENTAL SETUP
Sequentially superimposed holographic recording
In the conventional holographic recording method, a two-dimensional data page is imposed to the signal beam and it is recorded by the interference between the signal and the reference beam. However, in our system using a sequentially superimposed holographic recording method, the data page is separated into multiples of one dimensional column data and they are imposed on separate signal beams. Each signal beam interferes with the same reference beam, at different times, and records the data sequentially. Fig. 1 shows schematics of our system for recording and reconstructing n signal beams. First, as shown in Fig. 1(a) , the reference beam R interferes with the 1 st signal beam S 1 and records the data on the recording medium such as photopolymer. Next, the same reference beam interferes with the second signal beam S 2 to record the second data set, and so on. Fig. 1(b) shows that the recorded n data are reconstructed by the same reference beam at the same time. Fig. 2 shows the experimental setup used in our experiment. The light source is a DPSS laser of 532nm wavelength. The laser beam first passes through switch 1, which is used to control the exposure time during the recording procedure.
Experimental setup
It is also used to make the reconstructed signal beams be uniform in intensities. The beam is then expanded by a beam expander to a beam of diameter about 3 cm. Slit 1 is used to truncate this light beam and make the beam more uniform in intensity. The beam from slit 1 passes through a non-polarizing beam splitter and forms a signal beam and a reference beam.
The reference beam from the beam splitter passes through lens L3 and is deliberately defocused on the recording medium P. We will discuss the need to defocus in the lens system section in detail. The movable mirror M2 reflects the reference beam such that the beam direction is changed according to its displacement after the lens L1, which is used to make the interference between the reference and the signal beam. In other words, a small movement of the mirror M2 makes the incidence angle of the reference beam change at the recording medium.
Slit 2 is used to truncate the signal beam for the proper light shape to be used in the spatial light modulator. The cylindrical lens CYL focuses the signal beam from slit 2 to the effective area of the spatial light modulator SLM, which will modulate and reflect the signal beam. We will discuss the spatial light modulator in detail in the spatial light modulator section. The modulated signal beam passes through the same cylindrical lens again. It makes the signal beam be a parallel beam. Mirror 3 is movable and it, together with the lens L1, causes the incident angle of the signal beam to change at the recording medium. The incident angle change caused by the position change of mirror 3 makes it possible to separate the signal beams recorded during the sequential recording procedure. The lens L1 is a Fourier lens that also focuses the signal beam from the prism mirror on the recording medium. Before it reaches on the recording medium, it passes through switch 2. We open switch 2 during the recording process and close it during the reconstructing process. During the reconstruction process, the lens L2 performs the inverse Fourier transform and restores the image of the signal beam at the CCD plane. Figure 3 shows an example of the reconstructed image. Fig. 3 (a) is the reconstructed original signal beam before digitizing and Fig 3(b) is that after digitizing. The width of slit 2 was about 0.5mm and the spatial interval between the mirror movements was 0.75mm in our experiment. We recorded four signals in a photo polymer of thickness 100 μm. In this case pixels of the spatial light modulator were not matched with those of CCD and the contrast of the spatial light modulator was measured as 5.6 because it was operating at the preliminary mode.
The digitizing of the data is done by the threshold value properly selected from the intensity histogram of the reconstructed signals. When the signal is recorded without the time scheduling method, which will be explained in detail in part III, the intensity histogram of the reconstructed signals has a broad distribution so that it may be impossible to find any threshold values. However, when the signal is recorded using the time scheduling method, the intensity histogram has two peaks and the threshold value can be found at the valley between the two peaks.
Lens system
In recent studies of the holographic storage system, the co-axial lens system has been one of the main issues [9] [10] [11] [12] [13] . This lens system is simple and makes it easy to perform the angular multiplexing. Our holographic sequential superimposed recording system consists of two step superimposing processes. One superimposes many signals with one reference beam and the other multiplexes the two dimensional data pages with several reference beams. To utilize the simple mechanical operation, our storage system uses a partially co-axial lens system. Our lens system is partially co-axial because the lens L3 defocuses the reference beam on the photopolymer and therefore the reference arm is not co-axial. This configuration makes the lens system widely tolerant. The Fourier transform is performed by a three lens system. Its effective focal length is about 85 mm and the back focal length is about 30mm. Fig. 4 shows its ray aberration curve which was obtained by using lens simulation software, Code V. The curve shows that the aberration is below 50 μm. It determines the spot position of the sequential signals on the photo polymer. Since the spot position of the signal beam should be inside the reference beam, the spot size of the reference beam is made larger than that of the signal beam by using the defocusing of lens L3. Figure 5 shows the profile as measured with the knife edge method of the reference and the signal beam on photo polymer [14] . Dots are measured values and solid lines are Gaussian fitted curves. The 1/e 2 beam diameter of the reference beam was measured as 345 μm and 389 μm in x and y directions, respectively. The 1/e 2 beam diameter of the signal beam was measured as 129 μm and 83 μm in x and y directions, respectively.
Intermediate Figure 6 shows the one-dimensional spatial light modulator used in our system. Fig. 6(a) is the top view where 480 rectangular ribbons are arranged in the y-direction. The outer length of the ribbon in the z direction is about 200 μm and its outer width in the y direction is about 7.5 μm. The width of the central hole in a ribbon is about 2.5 μm and the space between two ribbons is also about 2.5 μm. A ribbon consists of a reflective aluminum thin film on top of a piezoelectric film and it hangs over the valley, which is about half the light wavelength deep as shown in Fig. 6(b) . The bottom of the valley is flat and coated with reflective aluminum. The top and bottom figures in Fig. 6(b) are side views of a ribbon in the y-direction without and with an applied signal voltage, respectively. As shown in the top of Fig. 6(b) , the Al film is flat and parallel to the bottom of the valley when there is no applied voltage. In this case the reflected lights from the ribbon surface and from the bottom of the valley are in phase and the ribbon behaves as a simple mirror. However, when a voltage is applied, the piezoelectric film will extend and be protuberant as much as a quarter of the light wavelength. In this case, the reflected lights from the ribbon surface and the bottom of the valley are out of phase and the ribbon behaves as diffract gratings [15] .
Spatial light modulator

III. TIME SCHEDULING FOR SEQUENTIALSIGNALS AND BRAGG
SELECTIVITY OF SEQUENTIAL SUPERIMPOSED HOLOGRAMS
Time scheduling for sequential signals.
Generally, the sensitivity of the recording medium and the desired diffraction efficiency of a hologram determine the recording time of the hologram [16, 17] . Fig. 7 shows the sensitivity of the recording medium used in our experiments. Fig. 7(a) 
is fitted to the experimental data, where Id is the gray level of the diffracted peak, A is a saturation value, t is exposure time, and T is time to reach the 63% of the saturation value.
The diffraction efficiency η of a hologram is proportional to the square of the visibility V of the interference fringe formed by the reference and the signal beam [6, 18, 19] , max min max min
where Imax is the maximum intensity of the fringe, Imin is the minimum intensity of the fringe and γ is the ratio of the reference beam intensity Ir to the signal beam intensity Is. The visibility is only related to the saturation value A in equation (3) because it is independent of the exposure time. Similarly, the saturation time constant T is only related to the recording medium. The visibility may be different for different recorded signals because the position of signal beams on photopolymer may be different. . In our sequential signal recording, the i-th signal will be recorded during the time 
where i is from 1 to n corresponding to the signal sequence number, Ai is the saturation value for the i-th signal. For the uniform diffraction intensities the i-th diffraction intensity should be same with the first diffraction intensity,
From the equation we can determine the exposure time ti as
The above calculation process is shown schematically in Fig. 9 .
To acquire the saturation values for different signals, we recorded holograms with different signals during the same time of 1 second. Fig. 10(a) shows the diffracted signal intensity of the holograms. The ratio between the lowest and the highest signal intensities is about 21%. As can be seen from the figure the first and the fourth reconstructed signals are smaller than the others. It results from the fact that the signal beam position varies due to the ray aberration as shown in Fig. 8 and that the overlap of the first or the fourth signal beam with the reference beam is not as good as that of the other signal beams. We determined the saturation time constants from Fig. 7(b) and the saturation values from Fig. 10(a) . Table 1 shows the calculation results by equation (7). We improved on the uniformity of the diffracted signal peaks to about 70%. Fig. 10(b) shows the time scheduled signals with the exposure times of Table 1 . 
Bragg selectivity of the sequentially recorded hologram
The holographic storage capacity is strongly connected to the Bragg selectivity. A storage system with smaller Bragg selectivity can have larger storage capacity. In Fig. 11 the reference and signal beams are incident onto a photopolymer of thickness tthick . Their incident angles are given by θr and θs, respectively. After the hologram is recorded, it is read by the prove beam incident with an angle θp.
In this configuration the diffraction efficiency η is obtained by the Born approximation [20] as 
It is noted that the change of the angular Bragg selectivity is negligible for dθ ≪ θ so or θ s ≪ θ r .
This means that the two-dimensional data page restored from our sequential hologram recording system can have data columns uniformly distributed in the horizontal direction. Similarly, the shift Bragg selectivity can be obtained as ( ) ( )
and the change of the shift Bragg selectivity can also be negligible for dθ ≪ θ so . In our experimental condition, θ so was 10˚ and dθ was 0.5˚, which satisfy the condition of dθ ≪ θ so and therefore produce uniformly distributed bit data. We superimposed four holograms sequentially in the experiment. Fig. 12 compares the Bragg selectivity of the sequentially superimposed four holograms with that of a single hologram. Solid squares are the diffracted optical power from the sequentially superimposed holograms. Solid line is the fitting of a sinc function. Open circles are the diffracted optical power from the single hologram. Dash line is the fitting of a sinc function. It can be seen from the figure that there is little change in both the angular and the shift Bragg selectivities for the sequentially superimposed holograms and the single hologram.
Therefore the sequentially superimposed method can increase the storage density. To estimate the storage density, the shift Bragg selectivity was measured by displacing the reference beam and by measuring the diffraction intensity. Then the hologram record area was estimated from the measured shift Bragg selectivity. The storage density for the single exposure hologram was estimated to be about 11kbit/mm 2 , which is the ratio of 480 pixels of our modulator to the hologram record area, and that for the sequentially superimposed hologram about 32kbit/mm 2 , where four holograms were superimposed. Because we may apply the angle multiplexing seven times in our experimental condition, the maximum storage density is estimated to be 224kbit/mm 2 in our system. 
IV. CONCLUSION
We introduced an intermediate holographic storage system using a sequentially superimposed recording technique.
We used an one-dimensional spatial light modulator for high light efficiency and a co-axial lens system for simple system structure. We used a defocusing technique in the reference beam to avoid the deviation of the signal spot position due to the aberration of the conventional lens. Since our method is simple and robust, it can be used to manufacture a holographic storage system cost effectively.
To improve the uniformity of the diffracted signals from the sequentially superimposed holograms, we considered the optical power change of the diffracted signals according to the fringe visibility. In our experiment, we can improve the signal uniformity from 32% to 70%, which is considered good enough for a digital holographic storage system.
To find the condition for the same Bragg selectivity, we considered the angular Bragg selectivity and the shift Bragg selectivity. The measured Bragg selectivities for the single hologram and for the sequentially superimposed hologram are nearly the same, allowing the increased storage density of our system. The storage density of our system is estimated to be 32kbit/mm 2 without using any multiplexing technique but rather only a line spatial light modulator of 480 pixels.
The storage density of our system may be smaller than that of the conventional holographic storage. However, our system has advantages in the sense that many small packets of data can be recorded sequentially and, later, they can be reconstructed as a larger packet of data. These larger packets of data can be recorded in the conventional holographic storage system. In this case the efficiency of the conventional system can be greatly increased because no small packets of data take a larger block of recording medium.
